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In spite of the expansions of population and the climate problems associated with fossil fuel, 
petroleum, coal and nature gases are still the major energy sources for electricity production and 
transportation in our daily life. Developing biofuel from lingo-cellulosic biomass or byproduct 
from food processing industry is one possible solution that can help us develop sustainable 
energy sources without food safety concerns. Here we conducted a transcriptomic study on the 
transgressive segregation of the F2 population derived from a cross between Saccharum 
officinarum ‘LA Purple’ and Saccharum robustum ‘MOL5829’ to determine how hormone 
related genes and pathways are regulated in sugarcane with high biomass yield. We also studied 
the transcriptome of 5 tissue types for 5 Saccharum spontaneum accessions with variable 
chromosome numbers and ploidy levels, and revealed impacts of ploidy levels of genome on 
global gene expression and transcriptional mechanism of differences in autoploidy chromosomes 
numbers. Last but not least, we analyzed the transcriptomic data of different tissue types of 
domesticated pineapple F153 and its wild relative Ananas bracteatus CB5 to study the 
transcriptomic level mechanism of water regulation related aquaporin gene family and revealed 
the rhythm of aquaporin transcripts, which is possibly relevant to water use efficiency (WUE). 
These studies have helped us gain more insights of trancriptomic mechanisms of hormones, 
ploidy levels, and aquaporins in various potential biofuel feedstocks, and may be helpful for 
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Fossil Fuels, such as coal and petroleum, have been the major energy sources for our society for 
centuries. Population expansion, climate change associated with fossil fuel, and concerns of 
unsecured foreign oil supplies have put alternative energy sources in the spotlight (Ragauskas et 
al. 2006). To decelerate the atmosphere carbon and climate problems and to meet the world’s 
future energy needs, one important action is to develop sustainable liquid biofuels (Pacala and 
Socolow 2004). Biofuel derived from starch raises concern about food security and competition 
for cropland that could potentially affect food production and inflate food prices. Developing 
biofuel from lingo-cellulosic biomass is becoming a stronger focus, not only by funding 
agencies, but also by industry (Somerville et al. 2010; Searchinger et al. 2008; Sticklen 2008). 
Miscanthus, sorghum, switchgrass, sugarcane and other C4 grasses are good potential biofuel 
feedstocks based on their biomass accumulation efficiency, and relatively high water use 
efficiency (WUE) (van der Weijde et al. 2013). Among these C4 plants, sugarcane is effective in 
biomass accumulation, but is also known for its complicated polyploid genome. 
 
Sugarcane (Saccharum spp.) consists of 6 species, S. sponatenum, S. officinarum, S. robustum, S. 
barberi and S. sinense, S. edule, respectively. S. sponatenum and S. robustum are the wild 
species with low sugar content and relatively low biomass. The high sugar content S. 
officinarum, also known as the “noble cane”, and the wild species S. robustum share the same 
center of diversity in Papua New Guinea (Daniels and Roach 1987). The basic chromosome 






Figure 1. The S. spontaneum accession AP85-441, AP83-108 and SES113 with different 
ploidy levels. 
 
the octoploid S. spontaneum has 64 chromosomes, and the decaploid of S. spontaneum has 80 
chromosomes (Ha et al. 1999), whereas that of S. officinarum, and S. robustum is x=10. All 
modern sugarcane cultivars are the interspecific hybrids between S. officinarum (2n = 8x = 80) 
and S. spontaneum (2n = 40-128), containing 80%-90% genome from S. officinarum, and 10-
20% of genome from S. spontaneum. S. officinarum is the domesticated species that has been 
cultivated prior to the development of sugarcane hybrids, which has contributed high sugar 
content and high biomass yield in modern hybrids. Although only a small portion of the modern 
sugarcane genome is from S. spontaneum (D'Hont et al. 1995), it has provided superior traits like 
vegetative vigor, drought tolerance and disease resistance, thus, contributing to sugarcane’s 
resistance to environmental and biotic stresses.   
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Currently, the transcriptome studies of polyploid genomes are more common in allopolyploids, 
such as wheat and cotton, in comparison with complex autopolyploid genome. Sugarcane’s 
autopolyploid characteristics and high ploidy levels (with ploidy levels ranging from 2n=40 to 
170) have made sugarcane one of the most genetically complex crops (Zhang et al. 2012). Due to 
this complexity, genomic research is very limited, and biotechnical applications in high yield 
energy cane cultivation are very uncommon. All these factors have made sugarcane genomic 
analysis and molecular breeding for biomass production a major challenge. Even so, the F2 
population of extreme segregants of S. officinarum and S. robustum (Figure 2) and the natural 
ploidy level differences within S. spontaneum have provided us the unique opportunities to study 
the transcripomic mechanisms contributing to sugarcane’s high biomass efficiency, such as the 
effects and functions of growth regulators and different ploidy levels.  
 
Figure 2. High biomass yield clone 09-9180 (in the middle) standing in the interspecific F2 





In addition to C4 plants, certain CAM plants also have the potential of being an effective biofuel 
feedstock. One advantage that CAM plants have as a biofuel feedstock is its low lignin content, 
high lignin content can obstruct the fermentation of cellulose and hemicellulose in plant tissues. 
Since transpiration is relatively low in CAM plants, it requires less lignin to strengthen the xylem, 
which can be beneficial to downstream liquid fuel production. One potential CAM plant that 
could be used for biofuel production is agave, where both the leaves and piña can be used for 
biofuel production (Davis et al. 2011). Leaves of the CAM plant pineapple are the byproduct of 
pineapple fruit cultivation, and contain a vast amount of fiber that is rich in cellulose (70-82%) 
like agave (Devi et al. 1997). It is also possible to digest and ferment pineapple leaf waste into 
bioethanol (Banerjee et al. 2017; Chintagunta et al. 2017). Pineapple fruit is usually used for 
food production, especially as pineapple juice and canned pineapple. The byproduct of pineapple 
canning industry, pineapple peel can be up to 40% of total pineapple fruit weight; high in 
cellulose and sugar, it also makes a good candidate for possible biofuel production (Choonut et al. 
2014; Banerjee et al. 2017).  
 
Water is one of the major limitations for agriculture globally (Morison et al. 2008). Ongoing 
climate change can further disturb the distribution and quantity of water and precipitation. 
Although C4 biofuel plants are already relatively efficient in water usage compared to C3 plants, 
further increasing water use efficiency (WUE) in these biomass feedstock plants could further 
expand their growth regions in non-agriculture lands, such as marginal land with limited water. 
Aquaporins are important components for water transportation and regulation, and can affect 
WUE at different levels and processes, which have made these protiens a key target for 
genetically improving WUE (Flexas et al. 2010; Moshelion et al. 2015).  In grape, drought 
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tolerant rootstocks compared with drought sensitive rootstocks showed more regulation of 
aquaporin dependent hydraulic conductivity (Lovisolo et al. 2008; Flexas et al. 2010). One 
potential approach to increase WUE is to improve the CO2 diffusion without changing the 
stomata flux. This may be achieved by increasing CO2 conductance in mesophyll, which could 
be relevant to aquaporin as well. There is a liquid phase inside cells that is a component of 
mesophyll conductance; although the other components of mesophyll conductance are largely 
structural, the liquid phase conductance depends on rapidly regulated aquaporin (Hanba et al. 
2004; Flexas et al. 2006; Flexas et al. 2010). Insufficient aquaporin expression in the root system 
can also be a factor limiting WUE, based on related research in rice, a crop known for its 
sensitivity to water deficit (Nada and Abogadallah 2014). 
 
Rapid regulation of aquaporins has also been detected in ice plant (Mesembryanthemum 
crystallinum). Transition from C3 to CAM growth phase in ice plant, is accomplished with 
aquaporin protein changes along with changes in membrane resistance to water flow (Rygol et 
al. 1989; Bozhko et al. 2004). The rhythm of aquaporin protein regulation has also been reported 
in ice plant, which is unique to the CAM phase, and does not occur at the C3 phase. Out of 5 
aquaporin tested, 3 plasma membrane intrinsic proteins (PIPs) and 1 tonoplast intrinsic protein 
(TIP) showed persisted abundance changes at CAM cycle following the day/night pattern (Vera-
Estrella et al. 2012). CAM plant is known for its high WUE, and the rapid regulated aquaporins 
are likely relevant to plant WUE. Therefore, the changes and pattern of aquaporin regulation in 
this CAM plant may provide additional insight in improving WUE in crop plant and biofuel 
feedstocks. Pineapple is the most economically important CAM plant, and its published high 
quality genome has provided us the opportunity to study the global expression of aquaporin in 
6 
 
CAM plant. This study may lead to some insight on the regulation of aquaporin genes related to 
improved WUE in pineapple and other potential biofuel feedstocks.  
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DIFFERENTIAL EXPRESSION OF HORMONE RELATED GENES BETWEEN 





Sugarcane is a highly productive, first generation biofuel feedstock, known for its remarkable 
efficiency in accumulating biomass. Phytohormones are important regulators for many biological 
processes in plants, especially in plant development and plant growth, which are crucial for plant 
biomass traits. To understand how hormone regulatory mechanisms contribute to sugarcane 
lignocellulose yield, we studied the transgressive segregation on biomass yield in the F2 
population derived from a cross between Saccharum officinarum ‘LA Purple’ and Saccharum 
robustum ‘MOL5829’. Gene expression profiling was used to detect genes involved in three 
important hormone-related pathways, auxin, ethylene and gibberellin, to find out how they are 
differently regulated between the extreme segregants of high and low biomass yield groups. We 
identified seventeen differentially expressed genes in auxin, one in ethylene and one in 
gibberellin related signaling and biosynthesis pathways, which could potentially regulate 
biomass yield. Differentially expressed genes, PIF3 and EIL5, involved in gibberellin and 
ethylene pathway could play an important role in biomass accumulation. These plant hormone-
related genes could serve as candidate genes in genetic modification and breeding programs to 





Energy demand is expected to increase by more than 50% by 2025 (Ragauskas et al. 2006). To 
meet this urgent need, finding and developing sustainable and environmental-friendly energy 
sources are important for humanity. Fossil fuels, such as gas, coal, and petroleum, have been the 
major energy sources for our society for centuries. The expansion of the global population, the 
environmental problems associated with non-renewable fossil fuel and concerns of unsecured 
foreign oil supplies have put alternative energy sources in the spotlight (Ragauskas et al. 2006). 
Biofuel, as a renewable energy source, has been regarded as a promising source to decrease or 
even replace the use of traditional fossil fuels. Also, replacing fossil fuel with nonfossil-carbon 
neutral biofuel will also contribute to reduce atmospheric CO2 emission and decelerate global 
climate change (Pacala and Socolow 2004). With mounting issues regarding food security and 
potential competition of cropland, developing an advanced biofuel from ligno-cellulosic 
feedstock is demanding more attention, not only by funding agencies but also by industry 
(Somerville et al. 2010; Searchinger et al. 2008; Sticklen 2008; Energy and Bioenergy 
Technologies Office 2016). 
 
Sugarcane (Saccharum spp.) was first domesticated and cultivated in New Guinea more than 
12,000 years ago based on archeological evidences (Chen and Chou 1993; Pennington and Baker 
1990). As a biofuel feedstock, bioethanol derived from sugarcane has already replaced 30% of 
gasoline, and the techniques utilizing sugarcane in the production of sustainable jet fuel and 
diesel are also under rapid development in Brazil (Arruda 2011; Lam et al. 2009). As a C4 plant, 
sugarcane is known for its high efficiency in fixing carbon using solar energy to produce high 
biomass yield, making it an excellent crop for agricultural residues and bagasse, which have 
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notably high cellulose content and has been used as fuel. Although previous research focuses 
more on the sugar content and sugar yield, the demand for efficient and high yield cellulose 
biofuel feedstock led to a renewed focus on high biomass yield of energy cane since the last 
energy crisis in late 1970s. 
 
Plant hormones are growth regulators playing essential roles in plant growth and development. 
These hormones, such as auxin, ethylene, gibberellins (GAs), abscisic acid (Tabashnik), 
brassinosteroids (BRs), and Jasmonic acid (JA), can regulate a wide range of plant physiological 
processes at very low concentrations (Gray 2004). Phytohormones participate in responses to 
environmental and endogenous conditions and in determining the plant form. Intensive studies of 
differential expression and modifications of hormone-related genes have been conducted in 
Arabidopsis and many other crops. These studies indicated that different hormone-related genes 
can have various regulatory effects on plant growth rate, biomass accumulation rate, and yield 
(Jeon et al. 2016; Choe et al. 2001; Eriksson et al. 2000; Voorend et al. 2016; Sahni et al. 2016; 
Do et al. 2016; Dayan et al. 2010).   
 
Auxin regulates a variety of plant growth and development responses, including promoting 
cellular elongation, cell expansion and cell division.  The primary auxin-response gene families 
include auxin/indole-3-acetic acid (Aux/IAA), auxin-response factor (ARF), Gretchen Hagen3 
(GH3), small auxin-up RNAs (SAUR), and lateral organ boundaries (LBD). AUX/IAA, SAUR 
and GH3 genes can be induced immediately by the presence of auxin and lead to different cell 
and growth responses. AUX/IAA is a key gene family for plant growth regulation; the 
mechanism of auxin regulation is through the degradation of repressor genes AUX/IAA and the 
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modulation of gene expressions involved in multiple physiological processes. ARF family 
contains important genes regulating the auxin-modulated gene expression (Liscum and Reed 
2002). SAUR gene family contains early auxin-responsive genes that are important for tissue 
elongation, which can potentially contribute to biomass differences. LBD is usually regulated by 
exogenous IAA (indole-3-acetic acid), and are involved in lateral organ development. GH3 gene 
family works in adjusting and maintaining endogenous auxin homeostasis.  
 
Ethylene also takes part in the regulation of diverse biological aspects, including but not limited 
to sucrose accumulation, biomass production and stress tolerance (Abeles et al. 1992). Recently, 
the responses and mechanisms involved in ethylene and its potential relevant genes in sugarcane 
ripening and sucrose accumulation have been reported (Cunha et al. 2017). Ethylene receptor 
(ETR), ethylene response sensor (ERS), reversion-to-ethylene sensitivity (RTE), ethylene 
insensitive (EIN), ETP (EIN2 targeting protein), EIL (EIN3 like) and EBF (EIN3-binding F-box 
protein) are important gene families involved in ethylene signaling (Yang et al. 2015). However, 
the mechanisms of whether and how ethylene-related gene families are also involved in 
sugarcane biomass accumulation and effective energy cane are yet unknown.  
 
Aside from auxin and ethylene, GA also holds an important position of regulating plant growth, 
stem elongation and many other processes of plant development (Biemelt et al. 2004). The best 
known function of GA is its role in stem elongation. Since the plant height and stem length are 
important factors affecting sugarcane biomass, it is important to study how GA related genes are 
expressed in high yielding energy cane. It was previously reported that altering GA related genes 
can affect photosynthesis and biomass accumulation in tobacco (Daviere and Achard 2013). GID 
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(GA insensitive dwarf), DELLA and various transcription factors, including various PIF 
(phytochrome-interacting factor) and APG (antagonist of PGL1) genes, are the major component 
of GA signal transduction pathway, of which GID1 are the putative gibberellin receptor, and 
DELLA is the GA signaling repressors (Willige et al. 2007). Previous published work also 
suggests that Gibberellin 20-oxidase (GA20ox) and GA 2-oxidase (GA2ox) in the late stage of 
GA biosynthesis are critical genes for plant height and biomass (Biemelt et al. 2004; Qin et al. 
2013). 
 
Genome-wide transcriptome profiling can enhance the understanding of how these important 
hormone-related signaling pathways and regulatory components affect plant growth and the 
hormone-related mechanisms of biomass accumulation efficiency. We utilized extreme 
segregants in an F2 population to study how ethylene-related genes and auxin-related genes are 
regulate differently in sugarcane in high and low biomass yield clones. 
 
MATERIALS AND METHODS 
Identification of the hormone-related genes Genes involved in auxin, ethylene or gibberellin 
pathways were mainly identified from previous publications (Cunha et al. 2017; Daviere and 
Achard 2013; Jeon et al. 2016; Wang et al. 2010; Yang et al. 2015). Cloned or validated genes 
were given the priority to be included in this study. The corresponding gene IDs were identified 
in phytozome (https://phytozome.jgi.doe.gov/pz/portal.html) based on sequence similarity. 
Moreover, genes collected from the published literature were further confirmed using basic local 
alignment search tool and the accessible information of sorghum plant hormone signal 
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transduction pathways from KEGG (http://www.genome.jp/kegg-
bin/show_pathway?ko04075+K12126). 
 
Extreme segregants collection and RNA preparation The F2 population tested in this study was 
generated from the self-pollination of twenty F1 progenies with great variation in biomass yield. 
The F1 progenies were generated by crossing LA Purple (Saccharum officinarum, 2n=80), and 
MOL5829 (Saccharum robustum, 2n=80)(Wai et al. 2017). In this study, a total of 14 extreme 
high biomass segregants and 8 extreme low biomass segregants from the F2 population were 
tested. The range of the average dry weight of high biomass group was 78.7-106.5 metric ton per 
hectare per 12 months. The average dry weight of the low biomass group ranged from 18.0-37.0 
metric ton per hectare per 12 months. The detailed procedure of population development, 
extreme segregants collection, RNA extraction and RNAseq library construction were described 
in Wai et al (2017).  
 
Sequence reading alignment and differential expression analysis Sequence quality control 
tool FastaQC (Andrews 2010) and sequence pre-processing tool Trimmomatic (Bolger et al. 
2014) were used to perform the quality check and to process the raw paired-end reads. Since no 
published sugarcane genome sequence is available, the Sorghum bicolor annotation references 
v3.1 were downloaded from Phytozome v12 
(https://genome.jgi.doe.gov/pages/dynamicOrganismDownload.jsf?organism=Phytozome) and 
used as the reference for this study. Using the primary transcripts of sorghum as the reference, 
the alignments of processed pair-ended reads were performed using two programs, HISAT2 
(https://ccb.jhu.edu/software/hisat2/index.shtml) and NovoAlign 
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(http://www.novocraft.com/products/novoalign/) respectively. The aligned sam files were then 
sorted and converted to bam file through SAMtools suit. The transcript counts were then 
performed using htseq-count version 0.9.1. The differential expression analysis was 
accomplished with R package EdgeR, comparing the extreme high biomass group to the extreme 
low biomass group of the F2 progenies. Due to false positive caused by multiple testing, we used 
false discover rate (FDR) in additional to p-value to set up threshold and detect differentially 
expressed genes.  Genes with p-value≤ 0.01 and FDR ≤ 0.05 were considered as differentially 
expressed genes in this study.  
 
RESULTS 
RNA sequencing reads alignment Since high-quality Saccharum genome references are not yet 
available, sorghum bicolor genome sequence and gene models were used as references in this 
study. The hormone-related gene families and pathways were also identified based on the 
sorghum gene models.  
 
Although HISAT2 was a faster alignment tool, NovoAlign showed a higher alignment rate in our 
case. The genes were counted once it was detected from one of these 22 extreme biomass 
segregants. Out of the 34,211 annotated sorghum genes, 28,044 genes had uniquely aligned reads 
from the RNAseq libraries when NovoAlign was used, which was about 82% of the total 
sorghum genes. In contrast, only 60.6% of genes (20,732 genes) had aligned reads using 
HISAT2. A total of 20,679 genes was identified by both HISAT2 and NovoAlign, 7,365 genes 
were only found with NovoAlign method, and 53 genes were unique to HISAT2. 99.7% of genes 




In addition, a total of 1,588 genes were identified as differentially expressed using HISAT2 as 
the alignment tool, consisting of 430 downregulated genes and 1,158 upregulated genes for high 
biomass group. NovoAlign detected 2,905 differentially expressed genes with the same statistical 
analysis and threshold. Out of these 2,905 genes, 2,077 genes were upregulated and 828 genes 
were downregulated for the high biomass group. Since NovoAlign covered more genes and 
almost all genes detected by HISAT2, we used the output obtained from NovoAlign in this 
study.  
 
Auxin signaling genes were differentially expressed between low and high biomass sugarcane 
In sorghum, the annotated ARF family consisted of 25 genes. Among these 25 genes, five genes 
were differentially expressed between the high and low biomass group, which was 20% of the 
entire gene family (Figure 4).  SbARF16, SbARF4 and SbARF20 were upregulated, whereas 
SbARF17 and SbARF1 were downregulated in the high biomass group.   
 
It was previously reported in Arabidopsis that ARF19, ARF16 and ARF14 were regulated by 
auxin (Paponov et al. 2008). ARF19 was the most sensitive ARF, which can be induced by very 
low IAA level, but ARF16 and ARF4 are moderately responsive ARFs. When IAA or auxin 
concentration is relatively high in the plant, there will be the demand for more moderate auxin 
signal, such as, ARF16 and ARF4 (Paponov et al. 2008). In our study, we found that ARF16 and 
ARF4 had a higher transcription in the high biomass group, indicating that there might be a 
higher level of IAA in the high biomass group, which need to be regulated by the less sensitive 
ARFs. ARF1, which is downregulated in high biomass group, was a transcriptional repressor of 
IAA2, IAA3 and IAA7 (Ellis et al. 2005; Hagen and Guilfoyle 2002). ARF17 regulated the 
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expression of CalS5, which was responsible for callose synthesis (Nishikawa et al. 2005; Dong et 
al. 2005; Shi et al. 2015). Callose is important for cell duplication. It is the major component of 
the cell plate separating two daughter cells, which can serve as an indicator for cell duplication. 
Thus, ARF17 may play an important role in controlling cell division, which can contribute to cell 
duplication and lead to different rates of biomass accumulation in sugarcane growth. 
 
Another critical component of the perception and signaling of auxin is AUX/IAA gene family. 
AUX/IAA genes are early auxin response genes that are active repressors of transcription of 
auxin-regulated genes (Audran-Delalande et al. 2012; Tiwari et al. 2001).  Four out of 20 
annotated sorghum AUX/IAA genes were differentially expressed in the high biomass group. 
SbIAA2, SbIAA, and SbIAA17 were upregulated, while SbIAA22 was downregulated.   
 
Previous published work had reported the importance of IAA2 in the auxin accumulation and 
distribution in plant tissue (Abel et al. 1994). Like ARF1, the IAA2 identified from sorghum gene 
model was also differentially expressed in the high biomass sugarcane progenies. Since ARF1 
could repress the transcription of IAA2, the down regulation of ARF1 should lead to the 
upregulation of IAA2 in higher biomass group. In our study, the upregulation of IAA2 was 
observed, confirming that the same mechanism existed in sugarcane, and this mechanism could 
possibly regulate growth related pathways and lead to the biomass differences in the F2 extreme 
segregants. It was also found that the expression of IAA1 and IAA2 were highly upregulated 
under external IAA treatment in sorghum (Wang et al. 2010); although some sorghum IAA 
genes were downregulated with IAA treatment, IAA22 is not one of those. This regulation of 
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IAA22 could potentially be unique for sugarcane auxin regulation and developed after the 
speciation of sugarcane ancestor.  
 
LBD genes were the targets of ARF, which were involved in plant growth and development, 
especially in the lateral organ formation and development (Reinhardt et al. 2003; Shuai et al. 
2002). Two genes among 15 annotated LBD genes were downregulated in the high biomass 
group. These two genes were identified as LBD4 and SbLBD28 based on the sorghum gene 
model. SbLBD genes were naturally expressed at a low level, and were upregulated with BR, salt 
and drought treatments (Wang et al. 2010). These treatments were all stress related, therefore, the 
lower expression in high biomass might indicate less stress responses were triggered in them. 
LBD4 was reported as with low transcription without stresses in sorghum (Wang et al. 2010). It 
was also reported that plant under stress would grow differently, which could cause less biomass 
production. Since the expression of LBD4 and LBD28 were higher in the low biomass group, it 
was possible that stress-related hormone regulations was more active in the extreme low biomass 
plants, leading to less biomass production. 
 
SAUR gene family is another major player in the auxin-signaling pathway. SAURs are usually 
expressed in elongating tissues and are likely to be involved in the regulation of cell elongation. 
They are also very sensitive to auxin, and auxin is likely to play an important role in their 
transcriptional regulation. The expression of SAURs can be activated within the couple of 
minutes in presence of auxin (Chen et al. 2014; Franco et al. 1990). Five out of 21 SAUR genes 
were upregulated in the group with high biomass, and one was downregulated. The five up-
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regulated genes were previously reported as SbSAUR9, SbSAUR39, SbSAUR45 and SbSAUR46. 
There is only one downregulated SAUR, namely, SbSAUR13. 
 
SAUR genes are known for their roles in promoting cell expansion and plant growth, which are 
important for biomass traits in plant (Spartz et al. 2012; Chae et al. 2012; Li et al. 2015). SAUR9, 
upregulated in the high biomass group of sugarcane, was known for its interaction with PP2Cs 
(Spartz et al. 2014). The interaction of PP2C could lead to the regulation of cell wall modifying 
enzymes, and cell expansion (Spartz et al. 2014). Thus the upregulation of these five SAURs 
could be a major contributor to the higher dry weight observed in the extreme segregants.  
 
In rice, SAUR39 was reported to negatively regulate the transportation and synthesis of auxin; as 
a result, the repression of growth in roots and shoots was observed in plants that overexpressed 
SAUR39, which lead to lower biomass production (Kant et al. 2009). However, SAUR39 was 
observed as upregulated in sugarcane with higher biomass instead of downregulated. This 
unexpected result might be caused by the differences in the amount of expression of SAUR39 
gene.  In Kant et al. (2009), the overexpression of SAUR39 was more than 40 fold higher in the 
transgenic line. But it is only 2.08 fold difference in the high sugarcane biomass group. It is 
likely that the effects of SAUR39 would vary at different expression level. 
 
GH3 gene family is involved in auxin signaling pathway as well. However, unlike other gene 
families related to auxin, the GH3 genes were not significantly differentially expressed in the 
high biomass group. GH3 genes were reported as the major component in regulating the 
endogenous auxin homeostasis through conjugating excess auxin with amino acids (Ludwig-
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Muller et al. 2009; Singh et al. 2014). Although many different aspects of auxin signaling 
pathways were differentially regulated in the higher biomass group, the mechanisms involved in 
maintaining endogenous auxin homeostasis stayed the same. This indicates that these 
mechanisms are not involved in biomass differences. It was also previously reported that 
although IAA is critical for regulating plant growth and development, a higher concentration of 
IAA can be toxic to plants (Bandurski et al., 1995). Thus, the expression and transcription of 
genes that are involved in maintaining this IAA homeostasis are necessary for sugarcane, in spite 
of biomass.  
 
No previous publication has found that different regulation of GH3 could lead to increase in 
biomass-related traits. In Arabidopsis, multiple GH3-overexpressing mutants were known for 
responses like reduced plant growth (Takase et al. 2004; Nakazawa et al. 2001). The knockout of 
GH3 genes could also lead to higher sensitivity to auxin, and growth repression (Ludwig-Muller 
et al. 2009). Thus, it was possible neither increases nor decreases in GH3 gene expression could 
lead to better growth and higher biomass accumulation. Since GH3 regulated auxin homeostasis 
and auxin play important roles in many plant physiological processes, the change in GH3 genes 
could lead to reduced fitness, causing similar GH3 gene expression levels in all plants, regardless 
of biomass differences.  
 
Ethylene-related gene families were differentially expressed Ethylene regulates a wide range of 
plant responses, including fruit ripening, sugar accumulation, leaf epinasty, and leaf senescence 
(Abeles et al. 1992). ETR, ERS, RTE, EUB, ETP, EIL and EBF are important gene families 
participating in ethylene signaling. Most members of the ethylene family did not show signs of 
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differential expression in the high biomass group, except for SbEIL5 (Figure 5). EIL genes were 
EIN3-like genes, which were previously reported as functionally redundant positive regulators of 
various ethylene responses, especially in ripening (Chen et al. 2004).  
 
The gene function of EIL5 had not been revealed yet in plant (Guo and Ecker 2004). It was 
previously reported that some EILs identified from tobacco, tomato and mung bean had similar 
functions as EIN3 (Rieu et al. 2003; Tieman et al. 2001; Lee and Kim 2003). EIN3 gene and 
some EIL genes were the master transcription factors that can regulate hundreds of ethylene-
related genes and functions (Guo and Ecker 2004). Thus, EIL5 could possibly function as a 
master regulator involved in biomass-related traits in sugarcane.   
 
GA related gene families were differentially expressed Gibberellin is commonly known as an 
important hormone regulating plant growth, stem elongation and many other processes of plant 
development (Daviere and Achard 2013). These growth and elongation related genes are main 
factors contribute to lignocellulose yield. Among the six genes identified based on gibberellin 
hormone signaling pathway, only one of them, transcription factor PIF3 was significantly down-
regulated (Figure 6). As transcription factors involved in gibberellin signaling pathway, PIFs 
were the integrators of photomorphogenic development that involved in promoting stem growth 
(Leivar and Monte 2014). Since PIF3 concentration can regulate the stem growth, its differential 
expression may lead to a different level of biomass accumulation in sugarcane. 
 
It was reported that the GA20ox and GA2ox from GA biosynthesis pathway can lead to plant 
height and biomass differences (Biemelt et al. 2004; Qin et al. 2013). However, in this study, we 
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were not able to identify significantly differentially expressed genes from this category. This 
might be due to the fact that there is no variation in the regulation of these genes in the F2 
population that we worked with. It was also possible that since we used sorghum as our 




Many gene families involved in auxin signaling pathway were differentially expressed in the 
high biomass group. From ARF, IAA and SAUR gene families, three, three, and five genes were 
upregulated in the high biomass group, respectively. There were also two ARFs, two LBDs and 
one SAUR genes are downregulated in the high biomass group. Since auxin is a major regulator 
of plant growth and development, which are determining factors for biomass, it is expected to 
detect differential expression of these genes between the high and the low biomass groups. It was 
reported that the transcriptions of ARF genes vary at different IAA concentrations in Arabidopsis. 
Since different growth related regulations in various tissue types are likely to be the main factor 
affecting the biomass accumulation, IAA concentrations are possibly different between the high 
and low biomass groups, causing the activation and inhibition of different ARF genes. It was also 
reported that members of ARF family could serve as either activator or inhibitor of transcription 
(Ulmasov et al. 1999). Thus, the ARF genes could be either upregulated or downregulated 
according to their functions and IAA concentration to regulate the plant growth and biomass 
related traits. The binding of ARF proteins and IAA proteins were reported to be specifically 
based on previous yeast two-hybrid assays (Tatematsu et al. 2004). Thus the downstream and 
interacting IAA genes, LBD genes and SAURs of specific ARF genes could be either up- or 
down-regulated based on their functions and interactions. 
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Among the five auxin-related gene families we studied, GH3 genes were the only ones that are 
not differentially expressed. It was previous reported that although auxin and IAA is critical for 
regulating plant growth and development, a higher concentration of auxin or IAA can be toxic to 
plant (Bandurski et al. 1995). It is possible that the differentially expressed genes in the auxin 
hormone pathway were not caused by the concentration of IAA or auxin, but caused by auxin 
sensitivity; whether moderate or sensitive transcription factors were involved in auxin regulation 
might be more important to biomass trait compare to actual auxin concentration. Thus, the 
expression and transcription of genes that are involved in maintaining IAA homeostasis are likely 
to be necessary for sugarcane, in spite of the biomass differences, which explains why GH3 
expressions were similar between the two different biomass groups. 
 
Most members of the ethylene family did not show signs of differential expression. This might 
be because the ethylene regulations are more relevant to ripening and sweetness instead of 
cellulose biomass traits. The F2 extreme segregants we used in this study showed extraordinary 
30 folds difference in biomass yield, but sugar content was similar between the two extremes. 
This lack of variation in sugar content is a possible reason of the lower number of differentially 
expressed genes in ethylene related gene families. There is one exception that one EIL gene is 
upregulated in the high biomass group. EIL genes have similar sequences as EIN3, and function 
as a major regulator that can activate ERF genes and control a vast number of ethylene-related 
processes (Chao et al. 1997; Yang et al. 2015b). Since ethylene-related genes regulate many 
aspects of different plant physiological processes, some of these processes, such as sugar 
partition, are relevant to biomass yield. Further research on the potential targets and downstream 
gene networks can help improve the understanding of how biomass relevant traits are regulated 
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by ethylene signaling pathway and potentially reveal more genes to modify or breed for to 
increase the biomass accumulation efficiency in energy cane and other C4 grasses. 
 
GA regulates many important plant biomass related processes. Nevertheless, most GA related 
genes were not differentially expressed in the sugarcane high biomass group. Gene families that 
are involved in GA signaling and biosynthesis pathways were analyzed, but only one 
transcriptional factor, PIF3, was differentially expressed. Previous research had shown that 
mutations in GA related genes could cause dwarf and semi-dwarf in plants and the expression of 
GA related genes could improve biomass (Biemelt et al. 2004). Since GA played an important 
role for plant growth and biomass traits, more differences in GA related genes were expected to 
be detected.  One possible reason for not detecting more GA related genes could be that our 
RNA-seq data was only collected at one-time point, and this specific life stage might not be 
when GA was most differentially expressed. If multiple life stages of samples were collected and 
compared between the high and low biomass groups, we might have been able to detect more 
differences in GA related genes. Another possible reason was the lack of high quality sugarcane 
reference genomes and gene models. Although hormone genes were conserved, it was still likely 
that the sorghum gene model could not cover all sugarcane GA genes. We might be able to 
identify more differentially expressed GA related genes once high quality sugarcane reference 
genomes and gene models are available.  
 
The PIF3 detected in the GA signaling pathway can regulate stem growth, which is a key 
component of biomass difference. Thus, the differential expression of this gene might be a key 
factor behind the different biomass accumulation between F2 extreme segregants. PIF3 is also an 
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important gene contributing to the crosstalk between ethylene and GA pathways. In the dark, 
ethylene would suppress hypocotyl length, and in the daytime, it would promote hypocotyl 
elongation. PIF3 expression is an important component in this process, which need to be 
activated by EIN3 (Solano et al. 1998; Kosugi and Ohashi 2000; Leivar and Monte 2014). The 
EIL5 gene observed as differentially expressed in higher biomass group in ethylene pathway was 
similar to EIN3 and the PIF3 was observed as differentially expressed in GA pathway. 
Considering that PIF3 could interact and be regulated by EIN3, and EIL5 were similar to EIN3, it 
is possible that they were the crosstalk points of ethylene signaling and GA signaling pathway 
contributing to the biomass differences. This could potentially act as a scheme to for engineering 
and breeding for a more effective tissue elongation system is in the high biomass group, leading 




Gene expression profiling of hormone-related genes was analyzed among extreme segregants of 
high and low biomass yield from an Saccharum interspecific F2 population. We have identified 
potentially important genes in biomass regulation of auxin, ethylene and GA signaling and 
biosynthesis pathways. In this study, seventeen genes involved in auxin related signal pathways 
were differentially expressed, but only one gene was differentially expressed in the other two 
pathways. Further study on these gene families once a high-quality sugarcane genome is 
available can enhance the understanding of how these important hormones work together. 
However, these identified genes and regulatory mechanisms can still potentially serve as 
candidates in genetic modification and breeding programs to help develop effective sugarcane 
for bioenergy.  
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Figure 4. Gene expression comparison of high biomass and low biomass group for auxin 




Figure 5. Gene expression comparison of high biomass and low biomass group for Ethylene 
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TRANSCRIPTOME STUDY OF DIFFERENTIALLY EXPRESSED GENES IN 





Polyploidization is one of the key processes that drive the domestication of many crops. 
Increasing ploidy level can directly increase allele diversity and heterozygosity, providing the 
potential for gene sub-functionalization and beneficial trait plasticity to crops. Despite much 
evidence that polyploidization can increase plant fitness and crop productivity, it remains largely 
unclear how polyploidization affect plant gene expression. Given the complexity of polyploidy 
genomes, it is still very challenging to study the effect of polyploidization on global gene 
regulation networks. With the newly published genome sequence of sugarcane (Saccharum 
spontaneum), this work systematically investigated the effects of polyploidization on sugarcane 
transcriptomic expression. For this study, the transcriptome of the leaf, leafroll, internode 3, 
internode 6, and internode 9 from 5 S. spontaneum accessions with a range of chromosome 
numbers, including AP85-441 (2n=4x=32), SES208 (2n=8x=64), AP83-108 (2n=8x=64), 
SES113 (2n=10x=80), and US56-14-4 (2n=10x=80), were sequenced using Illumina-sequencing 
technology. In-depth bioinformatics and statistical analyses revealed more than 3000 genes that 
were differentially expressed (Differently Expressed Genes, DEGs) among the genomes with 
different chromosome numbers, indicating that the ploidy level has a substantial effect on 
sugarcane transcriptome. Using gene ontology and MapMan-based analysis, the DEGs were 
classified according to the biological processes, the molecular function, and cellular component. 
Compared with the simplest genome used in the work AP85-441, cell wall and cell division 
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related DEGs were commonly and significantly enriched among all high ploidy level genomes. 
To discover the potential effect of high ploidy on UDP-glucose and biomass related trait, genes 
and pathways related to cellulose synthesis and metabolisms were also studied in high ploidy 
sugarcane accessions. This work imitatively revealed the impacts of high genome ploidy on 
global gene expression in an important crop, and shed light on the transcriptional mechanism of 
how ploidy in autopolyploid genome plays important roles in the evolution of this crop and may 




Whole genome duplication is important for the diversification of plants. Most crops are either 
polyploid, such as potato, cotton, wheat, and sugarcane, or ancient polyploids, such as corn, rice, 
and sorghum. Polyploidization offers some evolutionary advantages, which are supported by 
evidence like the prominence of polyploidy in the angiosperms, additional novel traits in 
polyploids compared to their diploid ancestors, and polyploid organisms have a larger range of 
distribution in comparison with their diploid relatives (Levin 1983). Because genetic and 
epigenetic regulations can target and modify duplicated genes, potentially raising genes with new 
function. New allelic variations and expression level changes could happen in polyploid 
genomes and lead to evolutionary advantages (Jackson and Chen 2010). In allopolyploid, the 
transcription of genes related to many biological processes, including DNA methylation, 
transposon activities, histone modification had been reported as differentially regulated 
(Akhunova et al. 2010; Flagel et al. 2012; Madlung et al. 2005; Osborn et al. 2003; Richards and 
Elgin 2002; Shaked et al. 2001; Soltis and Soltis 2009; Wang et al. 2004). Autopolyploid 
genomes consisting of duplicated DNA, usually are uniform, which was not expected to have 
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much affect on gene expression or confer evolutionary advantages compared with allopolyploid. 
However, epigenetic regulation and modification still could lead to heritable gene expression 
variations without extensive diversity in the DNA level (Gao et al. 2016; Rapp and Wendel 
2005).  
 
Genomic level studies in model plant Arabidopsis have revealed that different types of genes will 
have different expression profiles after genome duplication. In the latest Arabidopsis genome 
duplication event, genes involved in transcription and signaling were retained (Blanc and Wolfe 
2004). This was confirmed by comparing Arabidopsis and its naturally occurring autopolyploid 
relative, Isatis indigotica Fort. When Arabidopsis accessions with different ploidy levels were 
compared, some signal transduction genes (STGs) and special transcriptional factors (TFs) were 
observed to have higher expression level due to dosage effect (Lu et al. 2006). Previous studies 
in Saccharum revealed that certain genes were not additive in complex polyploids. In 2001, 
Ming et al. reported dosage effect of four QTLs controlling sugar content; all of the reported 
QTLs showed non-additive effects, indicating that if only certain number of alleles were 
required, additional alleles could be evolve new functions without fitness (Ming et al. 2001).  
 
Studies on how additional copies of genes and chromosomes affect the genome-wide expression 
plasticity and whether dosage effect can lead to new function in an autopolyploid plant will 
enhance our understanding for the advantages of autopolyploid crops and the evolutionary 
consequences of whole genome duplication events. Transcriptome analysis of S. spontaneum 
with different ploidy levels will shed light on how ploidies can affect expression of different 
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types of genes. Given that different genes may have tissue-specific expression, we used five 
tissue types to investigate the transcriptome of sugarcane. 
 
Although a “tetraploid” S. spontaneum is no longer available in nature, AP85-441 is haploid 
developed from anther culture of octoploid SES208, and AP83-108 is the double haploid of 
SES208. Due to the same genetic background, the comparison among these three accessions may 
reveal whether the observed expression changes are due to ploidy. Multiple tissue types will 
increase our chance to identify the tissue-specific genes, and increase our power to test the 
hypothesis that tissue specificity of different copies of genes can be detected in sugarcane with 
different ploidy levels and whether the developmental stages of tissue may affect the expression 
plasticity. Using these RNAseq data, we will look at the functional classification of genes in 
sugarcane that have different types of expression patterns in different ploidy levels and how it 
varies in different tissue types. Whether different alleles of the same gene are differentially 
expressed in different tissue types. Specific genes and pathways involved in biomass traits will 
also be evaluated in both dosage effect and gene specification to find potential biomass 
advantages caused by additional alleles. 
 
MATERIALS AND METHODS 
 
The S. spontaneum accessions, AP85-441 (2n=4x=32), SES113 (2n=6x=48), SES208 
(2n=8x=64), AP83-108 (2n=2x 4x=64), and US56-14-4 (2n=10x=80) used in this experiment 
were grown at the Hawaii Agriculture Research Center Maunawili station, Oahu, Hawaii. The 
leaf, leaf roll, and three different stem segments (internode 3, internode 6 and internode 9), from 
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mature plants, were collected for RNA extraction. The internodes were counted from the top 
visible dewlap, and the 3rd, 6th and 9th segments were collected respectively.  
 
Seventy-five RNA samples are extracted using Invitrogen™ TRIzol™ Reagent (Thermo Fisher 
Scientific, Inc.) and procedure; and these samples are from 5 accessions of sugarcane and 5 
different tissue types with 3 replications. The quality and quantity of these RNA samples were 
checked using RNA gel electrophoresis and NanoDrop 2000 (Thermo Fisher Scientific, Inc.). 
The RNAseq Libraries for these samples were constructed using Illumina TruSeq Stranded 
mRNA LT Sample Prep Kit (Illumina, #RS-122-2101). The concentrations of these libraries 
were then quantified using Qubit Fluorometric (Thermo Fisher Scientific, Inc.) These 
multiplexed libraries were pooled with 15 samples per lane. Illumina Hiseq 2500 system was 
used to sequence paired-end 250nt data, yielding 40 million reads for each library.  
 
The Illumina reads were evaluated and trimmed by FASQC Andrews 2010) and Trimmomatic 
(Bolger et al. 2014). The processed reads were then aligned using NovoAlign CS 
(http://www.novocraft.com/products/novoalign/) and HISAT2 
(https://ccb.jhu.edu/software/hisat2/index.shtml) with the reference of Saccharum spontaneum 
AP85-441. SAMtools suite was then used to generate the bam file from the alignments. The 
unambiguous unique aligned reads were processed using htseq-count version 0.9.1 to generate 
the transcript counts. These counts were then used in differential expression analysis using R 
packages EdgeR and DESeq2. Genes with fold change more than 2 and false discovery rate 




The genes that were consistently upregulated or downregulated at higher ploidy comparing with 
the reference tetraploid AP85-441 in all five tissues types were used to perform Gene Ontology 
(GO) term enrichment test using BLAST, BLAST2GO, AgriGo 
(http://bioinfo.cau.edu.cn/agriGO) based on biological function, cellular process and molecular 
process. Further analysis of how specific biological processes were regulated at different ploidy 
levels was carried out using MapMan (https://mapman.gabipd.org/) to bin the commonly 
differentially expressed transcripts based on specific functions. The bin that was consistently 
enriched in most tissue types of higher ploidy level in the previous test were further studied to 
help us understand how specific genes and pathways were differentially regulated in plants with 




Number of genes differentially expressed  A total of 3.1 billion reads and sequences from five 
tissue types and five accessions using Illumina NovaSeq. Principle component analysis (PCA) 
(Figure 7) of whole-genome gene expression of each sample was performed to study the 
variations among leaf, leaf roll, internode 3, internode 6 and internode 9 of 5 accessions with 
different ploidy levels. The replications of each combination of tissue type and accessions 
clustered relatively close together. However, individuals with specific tissue types were not 
tightly clustered together. There was no general pattern of clustering based on ploidy levels. All 
leaf samples were loosely clustered at the left side of the PCA plot, suggesting that PC1 has 
fewer affects on the variations of the leaf. The leaf roll and internodes of AP85-441, AP83-108, 
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and SES208 were clustered together. The leaf roll and internodes of SES113 and US56-14-4 
were clustered together.  
 
The detailed pairwise expression comparisons of these five accessions were performed in all 
tissue types, yielding various numbers of differentially expressed genes (Table 1). In leaf, 
comparing higher ploidy accessions, AP83-108, SES208, SES113, and US56-14-4 with 
tetraploid reference AP85-441, 10384, 8598, 14219, 15660 genes were downregulated, and 
6303, 6941, 11842 and 11615 genes were upregulated respectively (Table 1). A total of 1,228 
genes was constantly upregulated, and total of 1,797 genes was  constantly downregulated 
(Figure 8). In leaf roll, comparing AP83-108, SES208, SES113, and US56-14-4 with higher 
ploidy levels to tetraploid reference AP85-441, SES113, 12020, 16741, 18181, and 14388 genes 
were downregulated respectively, and 7559, 10611, 18181, and 14388 genes were upregulated 
respectively. Among these genes, 3816 genes were consistently differentially expressed.  
 
In internode 3 of the sugarcane stem, comparing AP83-108, SES208, SES113, and US56-14-4 to 
tetraploid reference AP85-441, 5626, 6219, 10568, and 9984 genes were downregulated, and 
9986, 10602, 16765, and 13939 genes were upregulated, respectively. Among these genes, 2318 
genes were consistently differentially expressed. In internode 6 of the sugarcane stem, comparing 
AP83-108, SES208, SES113, and US56-14-4 to tetraploid reference AP85-441, 10423, 7961, 
14352, and 15582 genes were downregulated, and 6120, 6907, 9914, and 11787 genes were up-
regulated, respectively. Among these genes, 2944 genes were consistently differentially 
expressed. In internode 9 of the sugarcane stem, comparing AP83-108, SES208, SES113, and 
US56-14-4 to tetraploid reference AP85-441, 9594, 7605, 13365, and 15423 genes were down-
41 
 
regulated, and 5094, 6466, 10976, and 11870 genes were upregulated, respectively. Among these 
genes, 2973 genes were consistently differentially expressed.  
 
Functional enrichment test of these differentially expressed genes Gene Ontology (GO) term 
enrichment test on the commonly differentially expressed genes in higher ploidy level accessions 
revealed general trends of gene expressions related to biological processes, molecular function 
and cellular component (Figure 9). In all five tissues, internode3, internode6, internode9, leaf and 
leaf roll, genes related to cellular processes, metabolic processes, response to the stimulus, 
biological regulations and regulation of biological processes were the top five categories for 
differentially regulated in higher ploidy. Genes related to molecular functions, catalytic activity, 
and binding, were the top three categories for differentially expressed genes in higher ploidy. 
Genes related to general cell, cell part, and organelle were in the top categories differentially 
expressed for high ploidy accessions.  
 
Among the 36 general bins of genes related to various biological processes, the shared 
differentially expressed transcripts were categorized and analyzed. The bin composed of genes 
related to cell wall, including many cell wall precursor synthesis genes, cellulose synthesis 
genes, hemicellulose synthesis genes, and cell wall modification related genes, were consistently 
enriched in all three internodes of stem and leaf rolls of all comparisons of higher ploidy plants 
with tetraploid AP85-441 (Figure 10). This bin was not differentially regulated in most leaf 
tissue types, besides SES208; in the leaf of SES208, the bin consisted of 43 shared differentially 
expressed cell wall related genes were differentially regulated with the p-value of 0.0247. In leaf 
roll, the bin consisted of 51 cell wall related genes were enriched in Ap83-108, SES208, SES113 
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and US56-14-4 with the p-values of 3.21E-4, 7.49E-6, 5.03E-4, and 0.0229 respectively. In 
internode 3, 6 and 9, the cell wall related bins consisted of 31, 64 and 48 genes respectively. This 
cell wall related bin of genes were enriched in AP83-108 with the p-value of 0.0268, 0.0290, and 
0.0396 in internode 3, 6, and 9. This cell wall related bins were enriched in SES208 with the p-
value of 0.0406, 4.18E-5, and 0.00905 in internode 3, 6, and 9.  This cell wall related bin was 
enriched in internode3, 6 and 9 with p-values of 0.00906, 4.14E-5, and 0.00585 in SES113. In 
US56-14-4, bins related to the cell wall in internode 3, 6 and 9 were enriched with the p-value of 
0.00636, 0.00429, and 0.0157. 
 
The bin of elements related to cell organization, cell division, cell cycle, cell death,  and cell 
vesicle transport were also differentially expressed in many tissue types and comparisons 
between higher ploidy accessions with reference AP85-441. There were 96 genes in leaf roll and 
59 genes in internode 9 for this bin, and they were enriched in all comparisons between higher 
ploidy levels to reference AP85-441, with p-values of 0.0119 (AP83-108), 0.0347 (SES208), 
0.0321 (SES113), and 4.58E-4 (US56-14-4) in leaf roll, and 0.0318 (AP83-108), 0.0374 
(SES208), 0.0169 (SES113) and 0.0321 (US56-14-4) in internode 9. In leaf, this bin of 58 genes 
was enriched comparing AP83-108 (p-value =0.00251), SES113 (p-value=0.0271) and US56-14-
4 (p-value=0.00403) to reference AP85-441. This bin consisted of 95 and 46 consistently 
differentially expressed genes for internode 6 and internode 3. But this bin was only enriched in 
the comparison of AP83-108 (p-value=0.0343), and SES 208 (p-value=0.0103) to AP85-441 in 
internode 3. And this bin was enriched only in the comparison of SES208 to AP85-441 in 




The bin for RNA processing transcription regulation and RNA binding were consistently 
differentially regulated in leaf roll of all S. spontaneum plants with higher ploidy levels with the 
p-value of 0.0106 in AP83-108, 0.0205 in SES118, 0.0171 in SES113 and 0.00438 in US56-14-
4. This bin was also upregulated in leaf of SES113 (p-value=0.0171) and US56-14-4 (p-
value=0.00229), and the internode 6 of SES113 (p-value=0.0499). The bin for hormone 
metabolism, like auxin and ethylene, were consistently enriched in leaf samples comparing 
AP83-108 (p-value=0.411), SES208 (p-value=1.97E-4), SES113 (p-value=0.0257) and US56-
14-4 (p-value=0.00524) with higher ploidy levels with the tetraploid reference. It was also 
enriched in leaf roll of SES208 (p-value=1.97E-4) and SES113 (p-value=0.00159). 
 
Differentially expressed biological Pathway of cellulose precursor  Since cell wall was a major 
component for sugarcane biomass and the bins related to cell wall were consistently enriched in 
many tissue types of higher ploidy level in the previous test, the pathway of cell wall precursors 
was examined and unique expression patterns were observed in each tissue types (Figure 11). In 
leaf, one Sucrose synthase (Susy) gene (rice homolog: os03g22120) involved in converting 
between sucrose and UDP-D-glucose were upregulated-comparing sugarcane with higher ploidy 
level with tetraploid AP85-441, with logFC ranging from 1.31 to 2.89. Among the four 
differentially expressed genes involved in converting glucose-P to UDP-D-glucose, 
phosphoglycerate mutase, fructose-2,6-bisphosphatase (Fru2,6BisPase), enolase, and 
glyceraldehyde 3-phosphate dehydrogenase (GAP-DH), only phosphoglycerate mutase were 
upregulated, and the other four members were downregulated. The conversion of UDP-D-
glucose to other metabolites, such as the conversion to UDP-D-xylose, the conversion to UDP-L-
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rhamnose, and the conversion to UDP-D-galcturonic acid, were either downregulated or not 
commonly differentially regulated. 
 
We found two differentially expressed homologs of Susy genes in leaf roll: one (rice homolog: 
os03g22120) was upregulated (logFC ranging from 2.82 to 4.61) higher ploidy level samples, 
and the other one (rice homolog: os03g28220) was downregulated (logFC ranging from -1.62 to 
-9.86). In leaf roll, there were only two differentially expressed genes involved in converting 
glucose-P to UDP-D-glucose. But they share the same expression pattern and are homologous to 
the same rice genes in leaf and leaf roll: phosphoglycerate mutase (rice homolog: os08g3290) 
was upregulated in leaf roll, and GAP-DH (rice homolog: os04g1230) was downregulated. The 
conversion of UDP-D-glucose to other metabolites was also constantly downregulated in leaf roll 
of plants with higher ploidy levels.  
 
In the stem, internode 3 and internode 6 shared the same differentially expressed Susy gene (rice 
homolog: os03g22120) as in leaf and leaf roll, and it was also upregulated, with logFC ranging 
from 1.88 to 2.79 in internode 3 and ranging from 2.022 to 3.51 in internode 6. However, in the 
mature internode 9, we found a total of three differentially expressed homologs of Susy genes, 
including the two genes already found in previously mentioned tissue types. The Susy gene 
homologous with rice gene os03g22120 was upregulated in internode 9 like in the other tissue 
types with LogFC from 1.22 to 2.05. The Susy gene homologous with rice gene os03g28220 was 
also downregulated as previously found in leaf roll, with LogFC from -2.20 to -5.28. The third 
Susy gene is homologous with rice gene os02g58480, which is commonly upregulated, with 
logFC ranging from 1.57 to 2.14.  
45 
 
The genes involved in the conversion of glucose-P to UDP-D-glucose were not detected as 
differentially expressed in the internode 3 and internode 9 of stem samples. Similar to leaf roll, 
two genes, phosphoglycerate mutase, and GAP-DH, involved in the conversion of glucose-P to 
UDP-D-glucose were differentially expressed in internode 6. However, the phosphoglycerate 
mutase homolog detected in internode 6 was different from what we found from leaf roll. The 
expression trends were also completely different from leaf and leaf roll: phosphoglycerate 
mutase (rice homolog: loc_os05g04960) was downregulated, and GAP-DH (rice homolog: 
os08g3290) was upregulated in internode 6. The conversion of UDP-D-glucose to other 
metabolites was also either constantly downregulated or not differentially expressed in all stem 




Polyploidization was an important process for crop plants since it could potentially bring in 
many advantageous functional consequences, such as increasing allelic diversity, heterozygosity, 
and the chances of novel traits (Udall and Wendel 2006). Although many non-additive gene 
expression and functional plasticity had been studied in some allopolyploid organisms and model 
organisms, similar studies in complex autopolyploid organism were still very limited. The allele 
defined genome of S. spontanuem AP85-441 (Zhang et al. 2018) and the germplasms with 
variable ploidy level of this species had given us a special opportunity to study the effect of 
polyploidization in complex autopolyploid. Comparison of transcriptome between AP84-441 and 
other sugarcane accessions that have different ploidy levels detected thousands of differently 
expressed genes, demonstrating the power of ploidy on regulation of global gene expression. To 
reduce the potential effect caused by the genetic background variations of AP85-441, AP83-108, 
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SES208, SES115 and US56-14-4, the genes that were constantly upregulated or downregulated 
were extensively studied in our experiment, providing us the chance to understand the 
transcriptome level differences solely caused by numbers of chromosomes and ploidy levels. 
 
Consistent with previous studies in Arabidopsis, Chrysanthemum, watermelon, our data in 
autopolyploid sugarcane indicated that, like in these allopolyploids, ploidy level also had 
substantial effects in regulating expression of genes involved in various biological functions and 
processes. Comparing with diploid ecotype Col-0, the transcriptome study of tetraploid 
Arabidopsis revealed that genes involved in metabolic processes, response to stimulus and 
biological regulation were the top categories that were the most differentially regulated in both 
seedling and mature leaf (Yu et al. 2010). In watermelon, the GO function classification of 
differentially expressed genes comparing tetraploid to diploid has revealed genes related to 
metabolic processes, cellular processes and single-organism processes were the biological 
process related categories containing most of the genes (Long et al. 2018). In our study, genes 
related to cellular processes, metabolic processes, and response to stimulus were most prominent 
for differentially expressed genes, suggesting a general trend of certain functional groups that 
might be commonly differentially expressed in higher ploidy in comparison with lower ploidy. 
Nevertheless, only few researches regarding general transcriptome study and expression trends in 
autopolyploids had been conducted to date; it will be more conclusive in future when there are 
more similar results reported in other species.  
 
It was previously reported in sugarcane hybrids that increasing in chromosome number is one of 
the major reasons that lead to high yield in sugarcane (Burner 1997). In our study, we were able 
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to look into the whole genome gene expression of sugarcane S. spontaneum with different ploidy 
levels to find out the potential effects in biomass differences in sugarcane with different numbers 
of chromosomes. Genes involved in cell processes like cell cycle, cell division, and cell death 
were commonly differentially regulated in high polyploidy sugarcane. In rice gene model, the 
homologs of the cell division related genes, such as Os01g52630 (chromosome condensation 
regulator), Os04g35570 (related to leaf development) were differentially regulated in sugarcanes 
with high ploidy levels (Wang et al. 2017; Meng et al. 2013). Since plants with faster cell 
division rates could grow faster in all tissue types, they might play a role in biomass 
accumulation and tissue growth in high ploidy sugarcane.  
 
Many genes involved in cellulose and hemicellulose biosynthesis were detected as significantly 
differentially expressed across most of the tissue types comparing higher ploidy levels with 
lower ploidy levels. Cellulose, hemicellulose and lignin were the major components of the cell 
wall in sugarcane, energy cane and sweet sorghum, where cellulose and hemicellulose can 
contribute to up to72% of the bagasse (Kim and Day 2011). The differential expression of 
sugarcane cellulose and hemicellulose synthesis related genes might be related to the biomass 
differences in S. spontaneums with different ploidy levels. The genes responsible for rice 
homologs Os01g54620, and Os09g25490 were detected as differentially regulated across all 
tissue types of accessions with high ploidy levels. These two genes were OsCESA4 and 
OsCESA9 from rice, which were cellulose biosynthesis genes. Mutations in these genes could 
decrease cellulose content and cause brittle phenotype in the stem. One mutation allele in 
OsCESA4 caused cellulose to decrease by about 10% (Yan et al. 2007; Zhang et al. 2009). The 
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differential regulation of these cellulose biosynthesis genes could also potentially contribute to 
biomass variations regarding ploidy levels.  
 
Specific pathways related to cell wall precursors were also differentially regulated in high ploidy 
level accessions in many tissue types. Cellulose is a biopolymer made of UDP-D-glucose, thus 
the pathways related to its metabolism could reveal some insight related to sugarcane biomass. 
UDP-D-glucose dehydrogenase was constantly downregulated in all five tissue types of 
sugarcane comparing high to low ploidy levels. UDP-D-glucose dehydrogenase was a key 
enzyme for polysaccharides related to cell wall formation, a negative correlation between its 
expression and polysaccharide content. In Populus tomentosa, it was related to cell wall 
formation, and SNPs in the gene could cause significant phenotypic variances in fiber length, 
cellulose and hemicellulose content (Tian et al. 2014). Increased expression of UDP-D-glucose 
dehydrogenase also caused decreasing in cell wall polysaccharide content in alfalfa and Willow 
(Serapiglia et al. 2012; Samac et al. 2004). Thus, the down-regulation of UDP-D-glucose 
dehydrogenase might lead to the increase of cell wall biomass in sugarcane, and further 
contribute to the biomass of high polyploidy sugarcane comparing with AP85-441. 
 
The hormone- related genes were differentially expressed in leaf tissue of higher ploidy level 
accessions. The top sub-bin of this group is the genes related to auxin metabolism and signaling 
pathway. Differences in auxin synthesis/signaling pathways and ethylene/stress pathways were 
also reported as being differentially expression in autotetraploid Arabidopsis (Yu et al. 2010). In 
our previous study in hormone related genes in the F2 population of interspecific cross between 
Saccharum officinarum and Saccharum robustum, we have found that the genes involved in 
49 
 
auxin related gene families were differentially expressed in higher biomass groups, indicating the 
differential expression of auxin related genes might have an impact in biomass trait in polyploidy 
genome. However, not many homologs were found differentially regulated in the same patterns 
in both studies. One possible reason is that the transcriptome regulation mechanism of auxin 
related genes were different comparing the biomass differences caused by transgressive F2 and 
the biomass differences caused by different ploidy levels. Nevertheless, having more 
autopolyploid chromosomes may affect the gene expression of auxin and ethylene related genes, 




By comparing the transcriptome between high and low ploidy sugarcane accessions, this study 
revealed that differences in genome ploidy levels was associated with the differential expression 
of thousands of genes. The genes that were differentially regulated were categorized and 
classified based on the nature of the annotated gene function and on gene homology. Consistent 
with primary traits requirement in sugarcane, the cell wall, cell processes, hormone and 
regulatory related gene bins and pathways were enriched in Sacharum spontaneum with higher 
ploidy levels. Genes related to the cell wall precursor molecule UDP-glucose were consistently 
differentially expressed comparing high ploidy AP83-108, SES208, SES113 and US56-14-4. 
The biomass differences between high ploidy level and low ploidy levels were possibly related to 
these differentially enriched genes, biological functions and pathways. All these results provided 
insights into the transcriptomic mechanism of how ploidy affects global gene transcription, and 
yield advantages in certain high ploidy crops. Since expression level may not directly affect the 
protein product or function, further study of autopolyploid in proteome and metabolite could help 
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us better understand the biological consequences of these gene-level expression differences.
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TABLES AND FIGURES 
 
Table 1. The number of genes differentially expressed comparing AP83-108, SES208, SES113 






AP83-108 vs  
AP85-441 
SES208 vs  
AP85-441 





Down 10384 8598 14219 15660 
Up 6303 6941 11842 11615 
Leaf Roll 
Down 12020 16741 18181 14388 
Up 7559 10611 18181 14388 
Internode3 
Down 5626 6219 10568 9984 
Up 9986 10602 16756 13939 
Internode6 
Down 10423 7961 14352 15582 
Up 6120 6907 9914 11787 
Internode9 
Down 9594 7605 13365 15423 





























































Figure 8. Venn diagram showing the constantly upregulated and downregulated genes in 
























Figure 9. The percent of genes commonly differentially expressed in higher ploidy level 
accessions in cellular component, molecular function and biological processes based on Gene 





































Figure 10. The top bins of genes among the 36 general bins of genes related to various 
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CHAPTER III  
GLOBAL IDENTIFICATION AND EXPRESSION ANALYSIS OF PINEAPPLE 
AQUAPORINS REVEALED THEIR ROLES IN CAM PHOTOSYNTHESIS, BORON 





Pineapple is a crassulacean acid metabolism (CAM) plant of high economic value. Originating 
from semi-arid regions where water is limited, CAM plants are known for high water use 
efficiency (WUE). Aquaporins are central to whole plant level water usage and transport, which 
are critical for many physiological processes, including photosynthesis. Systematic identification 
and analyses of the aquaporin family resulted in detailed annotation of this gene family in 
pineapple. Among these 36 pineapple aquaporin genes, 10 members were found in the TIP 
subfamily, 10 members were found in the PIP subfamily, 11 members were found in the NIP 
subfamily, and three members were found in the SIP subfamily.  There was also one TIP1-like 
aquaporin and one NIP1-like aquaporin based on sequence similarity. Transcriptome data on 
different tissue types, on leaf tissues sampled every two hours for 24 hours, and on wild 
pineapple in contrast to domesticated ones were used to reveal the potential functions of all 
aquaporin genes for pineapple and CAM plants in general. Aquaporin genes with circadian 
expression patterns were discovered in the leaves of pineapple. This research also investigated 
the aquaporin subfamily Nodulin-26 like Intrinsic Protein5-1 (NIP5-1) gene in pineapple, which 
plays an important role in boron transportation, and but had not previously been identified in any 
monocot species. Moreover, we found that the aquaporin expression profile for domesticated 
pineapple fruit development was very different from the wild pineapple, possibly implicating the 
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importance of aquaporin genes in the process of domesticated fruit development, such as for 
rapid fruit expansion and ripening. CAM plants have unique circadian regulation mechanisms for 
aquaporin genes in comparison with C3 plants, which might be critical for its effective plant 
water regulation. Our result provided insights into evolution and functional diversification of the 
CAM aquaporin family, and yielded genomic resources for improving WUE and boron 




Pineapple (Ananas comosus L.) is an important tropical fruit crop that originated in the northern 
part of South America (Clement et al., 2010). Rich in vitamins and minerals, pineapple has 
outstanding antioxidant properties and nutritive values (Hossain and Rahman 2011). Concerned 
about promoting health conditions and reducing the risk of degenerative disease, consumers are 
gaining more favors for diets with potential health benefits, creating an expanding market for 
nutritious pineapple (Moore et al. 2005). Based on FAOSTAT, pineapple’s worldwide 
cultivation has reached an annual production of 25.8 million tons and around $15 billion gross 
production value in 2016 (FAOSTAT 2016). Pineapple, like many other crops, utilizing 
crassulacean acid metabolism (CAM) photosynthesis, originated from a semi-arid region and is 
known for its high water use efficiency (WUE). Water is an important ingredient for plant 
photosynthesis, especially during the light-dependent reaction where it serves as the electron 
donor. In C3 plants, the stomata are open during the day for gas exchange and water 
transportation, but the evapotranspiration can also cause the loss of up to 95% of water absorbed 
by the root. CAM plants have an alternative mechanism to fix carbon dioxide during the night, so 
they close the stomata during the day thereby preventing unnecessary water losses. Although the 
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biochemical reactions in CAM have been thoroughly characterized, the regulatory processes and 
compatible mechanisms are still under-studied (Edwards and Ogburn 2012; Ming et al. 2015).  
 
One of the critical regulatory processes for CAM plant is water regulation, especially on the 
intercellular level. Protein level research on plant that can switch between C3 and CAM 
mechanism suggested that, at CAM stage, the water permeability and aquaporins’ abundance of 
cell membranes shows a circadian pattern, but not in C3 stage, supporting that a unique osmatic 
adjustment is necessary for CAM photosynthesis to operate (Vera-Estrella et al. 2012). Water is 
usually scarce where CAM plant grows. Given that carbon regulation in CAM follows a 
circadian pattern, and water serves both as an important solvent for biochemistry processes and a 
key ingredient for photosynthesis. It is likely that a highly efficient water regulation is required 
for CAM photosynthesis.  
 
Aquaporins are highly conserved membrane proteins and responsible for intercellular 
transportation for water. There are four subfamilies of aquaporin family, plasma membrane 
intrinsic proteins (PIPs), tonoplast intrinsic proteins (TIPs), small basic intrinsic proteins (SIPs), 
nodulin26-like intrinsic proteins (NIPs), respectfully, categorized by sequence similarities and 
locations on membranes. Aquaporins are involved in water homeostasis, cellular signaling, cell 
proliferation, nutrient uptake, cellular respiration, photosynthesis, fruit expansion, fruit 
maturation and many other divergent physiological processes (Gambetta et al. 2013; Gomes et 
al. 2009; Grondin et al. 2015; Johansson et al. 2000). The abundance of aquaporin isoforms in 
membranes differ based on the water requirements due to tissue specificity, development stage, 
environment condition and water transportation requirement (Gambetta et al. 2013; Gupta and 
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Sankararamakrishnan 2009). Although aquaporins in major cereals and Arabidopsis have been 
extensively studied, not much research has been done in CAM plants, in spite of the importance 
of water regulation for CAM. To date, no genome-wide analysis of aquaporins has been done in 
any CAM organisms. Pineapple, with a recently published genome, provided an opportunity to 
thoroughly evaluate and study the entire CAM aquaporin families. 
 
With global climate change, agriculture in the near future will face the challenge of a warmer 
and drier environment. Drought stress can lead to severe yield reduction in wheat, maize, rice 
and many other cereal crops (Bijanzadeh and Emam 2010; Chandra Babu et al. 2004; Claassen 
and Shaw 1970). To sustain the food safety and yield, engineering food crops to be CAM plant is 
a strategic solution to improve photosynthesis and water-use efficiency (DePaoli et al. 2014). To 
reach this goal, it is important to adopt the CAM water regulatory mechanism in C3 crops. Since 
aquaporin proteins are the hardware and the regulatory components for water transportation in 
plant, and pineapple is a CAM plant with a published genome, it is critical to study the aquaporin 
family level water regulatory mechanisms of pineapple to promote the understanding of CAM-
required complementary water-using scheme. To address this issue, our research focused on 1) 
the identification and phylogenetic analysis of aquaporin genes in pineapple, 2) how aquaporin 
genes were regulated in CAM photosynthesis plants, 3) the functions of aquaporins in pineapple, 




MATERIALS AND METHODS 
 
Identification and phylogenetic analysis of Aquaporin proteins in pineapple The pineapple 
aquaporin genes were identified by BLAST search against the Phytozome database 
(https://phytozome.jgi.doe.gov/pz/portal.html) based on sequence similarities using aquaporins 
in arabidopsis, maize, wheat and rice as queries. The aquaporin genes from Arabidopsis thaliana, 
Vitis vinifera, Oryza sativa, and Phalaenopsis equestris were first identified by BLAST to the 
NCBI database, and compared with the published aquaporin gene families if they were available. 
Multiple-sequence alignment (MSA) of pineapple aquaporin protein sequences with the 
aquaporin sequences of arabidopsis, maize, rice, orchid and grape was performed using ClustalW. 
The alignment file was then analyzed in MEGA v7 for constructing unrooted Neighbor-Joining 
phylogeny trees (Kumar, Stecher, and Tamura 2016). The resulted tree is used to assist the 
identification of different aquaporin subfamilies (PIP, TIP or NIP) in pineapple. Geneious 
version 5.5.6 (Kearse et al. 2012) and BioEdit v7.2.5 
(http://www.mbio.ncsu.edu/bioedit/bioedit.html) were also used to visualize the alignment and 
build the phylogenic tree (Figure 13).  
 
Spatial-temporal expression analysis of Aquaporin proteins in pineapple To analyze the 
circadian regulation of pineapple aquaporins, we retrieved the FPKM data of white base and 
green tip of the D leaf in pineapple cultivar MD2 (Ming et al. 2015). The D leaves were 
harvested every two hour from 10 am to 8 am the next day, thus providing detailed assessment 
for the day/night expression change of aquaporins. The transcriptome data of A. comosus flower, 
leaf, root, and different stages of fruits were used to interoperate the tissue-specific expression of 
aquaporin gene family (Ming et al. 2015). The FPKM data were log2 transformed using R, and 
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genesis (Sturn et al. 2002) was used to construct the heat-maps to visualize the changes of 
expression pattern with time and compare the differential expression of aquaporins across 
different tissue type.  
 
Expression level comparison of aquaporins between wild type and cultivated pineapple Four 
different tissue types in wild pineapple (leaf, flower, one-month fruit and two-month fruit) and 
seven different tissue types in cultivated pineapple (leaf, flower and fruits from five 
developmental stages) were analyzed to compare the aquaporin expression of wild type 
pineapple versus cultivated pineapple. The FPKM data of wildtype and cultivated pineapples 
were first log2 transformed (Ming et al. 2015). The R package EdgeR was then used to construct 
a Multidimensional Scaling Plot (MDS) to demonstrate the similarity of aquaporins’ expression 
at development stages to reveal the domestication candidate genes. Genesis was used to generate 
a heat-map representing aquaporin differential expression between wild type and domesticated 




Phylogenetic analysis, pineapple aquaporin nomenclature and gene structure comparison In 
the present study, 36 aquaporin genes (Table 2), and their amino acid sequences were identified 
in pineapple, and these identified aquaporins were systematically named based on the 
phylogenetic relationship with previously reported aquaporins from rice, maize and Arabidopsis 
aquaporin sequences. Among these 36 pineapple aquaporin genes, 10 members were found in the 
TIP subfamily, 10 members were found in the PIP subfamily, 11 members were found in the NIP 
subfamily, and 3 members were found in the SIP subfamily. There was also one TIP1-like 
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aquaporin and one NIP1-like aquaporin based on sequence similarity. The pineapple PIP 
aquaporin genes had a higher sequence similarity compared with TIP, NIP and SIP subfamilies. 
The identified pineapple aquaporin family was then compared with the aquaporin from 
arabidopsis, rice, orchid and grape to show its phylogenic relationship (Figure 12). The gene 
structure of pineapple aquaporin and their comparison with arabidopsis, rice, grape and orchid 
showed the sequence conservation in each aquaporin subfamilies (Figure 13). There were total of 
38 aquaporin genes in Arabidopsis thaliana (Quigley et al. 2002). Total of 28 aquaporin genes in 
Vitis vinifera, including with 8 PIPs, 10 TIPs, 8 NIPs and 2 SIPs as described in previous 
publication (Fouquet et al. 2008). Thirty four aquaporin were identified in Oryza sativa, consist 
with Nguyen et al (2013). In addition, 23 aquaporin genes were identified in Phalaenopsis 
equestris, consisted of 6 PIP, 6 TIP, 7 NIP and 4 SIP (Table 3).  
 
In the pineapple TIP subfamily, there were two members in the TIP1 group (Figure 14), two 
members in the TIP2 group, and two members in the TIP3 group. Four other members from the 
pineapple TIP family did not form a cluster with previously studied TIPs from rice, maize or 
arabidopsis. AcPIP2-8 had a 27.83% sequence divergence, comparing with the major TIP family 
cluster. To confirm its identity, the protein sequence of AcTIP4-1 was blasted in NCBI database 
and the closest hit is TIP4-3 in Elaeis guineensis (e-value: 1e-100). AcTIP5-1 and AcTIP5-2 
clustered together and had a more than 35% of sequence divergences from other TIP members; 
however, they only had a 5.67% sequence divergence from each other. BLAST result also 




Among the pineapple PIP subfamily, four members were classified as the PIP1 group, and five 
other members were classified as the PIP2 group. One member clustered with neither group, and 
showed a 56.7% sequence divergence from the cluster containing previously studied PIPs from 
rice, maize or arabidopsis.  
 
Within the NIP subfamily, five members were classified as the NIP1 group, two members were 
classified as NIP2 group, two members were classified as NIP3, and one member was classified 
as NIP5. AcNIP5-2 is sister to the clade containing both NIP3 sequences from rice and maize, 
and a NIP5 sequence from Arabidopsis, and shows a 29.08% divergence from NIP3 and a 
41.38% divergence from NIP5. The smallest aquaporin family identified is the SIP subfamily. 
Among the three members of the pineapple SIP subfamily, one was classified as SIP1, and two 
members were classified as SIP2. 
 
Tissue-specific expression profiles Normalized FPKM values of RNA-seq data from eight 
different tissue types were analyzed to construct the expression profile for pineapple aquaporin 
in different tissue type and fruit development stages were analyzed (Figure 15). The expression 
of pineapple aquaporin genes in different tissues, namely flowers, leaves, roots, immature fruits 
and maturing fruits, showed a spatial expression pattern. Aquaporin genes AcSIP2-2, AcSIP2-1, 
AcTIP2-2, AcPIP2-3, AcNIP5-2, AcPIP2-2, AcNIP1-1, AcPIP1-2, AcPIP2-4, AcTIP4-1, AcPIP1-
1, AcPIP2-1, AcTIP1-1, AcNIP2-2, AcNIP3-1, and AcPIP2-7 were expressed in all tissue types at 




AcTIP3-2, AcTIP2-3, AcNIP1-5, AcTIP6-1, AcNIP3-2, AcTIP3-1, AcNIP1-4 and AcTIP1-like 
genes were not accumulated in either fruit development or fruit maturation. Among these genes, 
mRNA accumulation of gene AcTIP3-2, AcTIP2-3 and AcNIP1-5 were only detected in roots. 
AcNIP3-2 was only detected in leaves. AcTIP6-1, AcNIP-like and AcTIP1-like genes were only 
detected in leaves and flowers, but not roots. Although only a trace amount, the AcSIP1-1 mRNA 
was only detected in fruit development stage 5, but not in any other tissue type or fruit 
development stages.  
 
Transcript expression during day/night cycle in pineapple  To understand the circadian 
expression of pineapple aquaporin, we analyzed the transcription data of the related genes in 
different time of the day and different sections of a leaf. In the green tip of pineapple leaf, where 
CAM photosynthesis is the most active, transcript abundances of eight aquaporin genes were 
discovered to be differentially regulated throughout the circadian cycle. The mRNA abundance 
of four pineapple aquaporin genes, namely AcPIP1-1, AcTIP1-1, AcPIP2-7 and AcPIP2-4, were 
high during daytime, especially when sunlight was strong and the temperature high (Figure 16). 
Their transcript abundance was relatively low during the dark period, and had an increase in 
abundance towards the beginning of day. In contrast, four pineapple aquaporin genes, AcNIP5-2, 
AcPIP2-3, AcNIP1-1 and AcNIP5-2, had relatively high expression during the cooler nighttime 
from 6 pm to 8 am (Figure 17); these aquaporin genes also had lowest transcript abundance at 
daytime. The trend of different expression with circadian pattern in the white base part of 




Comparison of wild type vs. cultivated Multidimensional scaling (MDS) plot for the aquaporin 
expression of wild and cultivated pineapple at different growth stages was constructed to 
demonstrate the similarity of aquaporins’ expression at different times and development stages. 
A clear segregation and clustering of wild pineapple in all development stages and tissue types, 
the leaf and flower of cultivated pineapple, the fruit development stage 1 through 4 of cultivated 
pineapple, and the fruit development stage 5 for cultivated pineapple was observed (Figure 18). 
In wild pineapple, transcriptome data from different tissues, namely leaf, one-month fruit and 
two-month fruit, shows that the aquaporin expression profiles were more similar to each other, 
contrasting with aquaporin from the cultivated plant. In cultivated pineapple, there were 
differences in aquaporin expression for leaves and flowers, comparing with fruit development 
stages. It was also noticeable that fruit in developmental stage 5 was different from all other 
tissue types, including fruits in other developmental stages. 
 
Using RNA-seq transcriptome data from wild and cultivated pineapple, heatmaps were 
constructed to show the genes that were differentially expressed in cultivated pineapple 
compared with wild type pineapple (Figure 19, Figure 20). The comparison of expression data of 
four tissue types from wild pineapple and seven tissue types from cultivated pineapple indicated 
that fifteen aquaporins were expressed in a relatively higher level in cultivated pineapple than in 
the wild pineapple. Comparing with wild pineapple, cultivated pineapple has nine aquaporins 
that were expressed in a relatively lower level. Out of these nine aquaporins, AcNIP3-2, AcSIP1-





We used previously reported TIP, PIP, NIP and SIP from rice, maize, and Arabidopsis to 
extensively search the pineapple genome to identify aquaporin genes, which revealed an entire 
aquaporin family with 36 members. For most members from pineapple aquaporin families, 
homologs were presented in closely-related crops, such as rice, maize and wheat. However, the 
pineapple aquaporin families also had unique genes from the PIP subfamily and the TIP 
subfamily. These genes might be critical components for the water regulation mechanisms in 
pineapple and CAM plant.  
 
Pineapple had a relevantly large number of aquaporin genes compared with other species, given 
that it only went through two rounds of whole genome duplication (WGD). The total number of 
pineapple aquaporin, 36, was more comparable with Arabidopsis (1 triplication and 2 WGD) and 
rice (3 WGD), than grape (1 triplication) and orchid (2 WGD). This was possibly due to its 
adaptation to arid environment. Pineapple aquaporin proteins, as the major components of its 
water transportation systems, could have been selected to have more variations to fulfill the more 
specified roles in the complicated water regulation system.  
 
The pineapple aquaporin family shared many similar characteristics with other previously 
studied aquaporin families. Previous understanding that all aquaporin subfamilies, including PIP, 
TIP, NIP and SIP, were highly conserved in plants is confirmed by our data (Reddy et al. 2015; 
Park et al. 2010). Among pineapple aquaporin families, PIP subfamily was the most conserved 
aquaporin family, like observed in rice (Sakurai et al., 2005). Pineapple aquaporin genes 
followed the pattern that they are more similar within the same group of aquaporin genes from 
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other species than each other as concluded from previous studies, supporting the hypothesis that 
different groups of aquaporin had evolved before the divergence of higher plants (Johansson et 
al., 2000). Since most of the pineapple aquaporin genes had highly conserved homologies in C3 
and C4 plants, applying the CAM water regulation mechanisms would require less work in 
introducing and modifying these corresponding genes. Further study of these pineapple genes 
could enhance the understanding of the necessary aquaporin changes that are critical for WUE, 
and facilitate the possible application of pineapple’s effective water regulatory system in other 
important economical crops.  
 
AcNIP5-1 gene was detected based on its similarity with NIP5-1 in Arabidopsis, but it had not 
been reported in other monocots studied to date. In Arabidopsis, the function and transportation 
activities studies of NIP1-5 revealed that it was a membrane channel for both boric acid and 
water, which was less effective in water transportation compared with PIP2-1, but played an 
important role for boron uptake and transportation (Chatterjee et al. 2014; Takano et al. 2006). 
Responsible for fruit formation and involved in root formation, boron was an important 
micronutrient for pineapple. Given that pineapple were grown in sandy soil with low moisture, 
the supply and uptake of micronutrients, such as boron, could be restricted. Our data indicated 
that NIP5-1 was highly expressed in the white basal part of the pineapple leaf, in comparison to 
the mature green part. Given that pineapple absorbs nutrients through the white part of the 
leaves, and solutions containing boron were mostly supplied foliarly (Py et al. 1987; Sinclair et 
al. 1992), this expression data implied that the unique NIP5-1 transporter could be critical for 




Boron was also an important micronutrients for fertile reproductive organs and cell wall integrity 
monocot staple crops, such as maize and wheat (Chatterjee et al. 2014; Huang et al. 2000; 
Lordkaew et al. 2011). Inability to take up sufficient amount of boron due to soil quality had 
become an yield affecting issue and engineering plants that could grow in soil with inadequate 
boron content has been put in the spotlight (Dell and Huang 1997; Shorrocks 1997; Miwa et al. 
2006; Miwa et al. 2007; Sutton et al. 2007). The aquaporin NIP5-1 discovered in monocot 
pineapple could serve as a genetic material for engineering crops that could grow effectively 
under boron deficiency and reduce the potential yield losses. Since the RNA processing in 
monocot and dicot could differ from each other, the AcNIP5-1 might serve as a better candidate 
gene for further study and application in monocots (Keith and Chua 1986). NIP5-1 may also play 
a unique role in pineapple water regulation. However, further research would be needed to 
determine the special role NIP5-1 might have played in pineapple and whether it was involved in 
specific CAM water regulation pathways. 
  
The compatible circadian aquaporin regulations were key characteristics of CAM photosynthesis. 
Aquaporin proteins were important for maintaining water balance at the CAM stage and 
regulated overall plant water flow in phase with the CAM temporal cycle in Mesembryanthemum 
crystallinum, a plant that could switch between C3 and CAM (Vera-Estrella et al. 2011). Most of 
the aquaporins persisted rhythm changes in protein abundance throughout the day/night cycles 
during CAM phase, but no changes were detected at the C3 phase. Using genome-wide analysis, 
our data had revealed more aquaporin genes that were regulated in circadian pattern, which are 
signatures for CAM plants. The RNA-seq data had revealed 10 pineapple aquaporin genes 
possess day/night cycle of aquaporin transcriptome level changes at the green tip of pineapple 
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leaves, where CAM photosynthesis is the most active. AcPIP1-2, AcTIP1-1, AcPIP2-6 and 
AcPIP2-7 were upregulated during 10 am to 5 pm, the hot time of the day with highest sunlight 
intensity (sunset happens at 6 pm in Wahiawa, Hawaii). In contrast, four pineapple aquaporins 
were downregulated during this time. It was likely that this expression pattern of aquaporins was 
essential for CAM specific water regulation systems. 
 
To date, there had not been any rhythm changes of aquaporin activities reported in C3 plants. 
One likely reason for that was that no day/night water regulation was needed for these 
organisms. Since circadian regulation of aquaporin protein abundance changes was unique to 
CAM phases (Vera-Estrella et al., 2011), it was important to introduce this complete circadian 
aquaporin regulatory system in order to engineer CAM photosynthesis in C3 plants. These newly 
revealed pineapple circadian aquaporin genes could help promote this process. Since they were 
identified in the finished pineapple genome, it was more likely to reveal the complete list of 
aquaporins needed for the water rhythmic regulation. Further studies on these genes, such as, 
protein abundance experiment and permeability essays in specific tissues, could validate and 
confirm the functions and characteristics of these genes.  
 
The circadian regulation of aquaporin genes at the white base of pineapple was not as obvious as 
in the green tips. The circadian regulation of stomata, which opened during cooler night instead 
of the heat of day, was important for CAM plant’s high water-use efficiency (Garcia et al. 2014). 
Aquaporins were involved in stomatal regulation, by controlling the water fluxes to guard cells, 
which led to swelling and shrinking of stomata (Grondin et al. 2015; Johansson et al. 2000). 
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Therefore, the aquaporins that express with time pattern could play an important role for stomata 
activities and the temporal water regulation for WUE.  
 
Although the domestication of major cereal crops had been well studied, the process of 
domestication for their relative monocot plant, pineapple, was yet understood (Doebley et 
al. 2006; Fuller 2007; Harlan et al. 1973; Purugganan and Fuller 2009). Comparing with cereals, 
which had dried caryopses, pineapple had an enlarged fleshy fruit, which was high in water 
content, indicating that a special water regulation mechanism might be involved, compared with 
their seed-producing relatives.  
 
The pineapple cultivars also had a large fruit size compared with the wild pineapple, which 
showed a clear sign of domestication syndrome. Aquaporin genes were important domestication 
genes for the expansion, maturation and ripening of fruits, roots and other edible plant organs 
(Alleva et al. 2010; Rong et al. 2014). Pineapple fruit, which could weigh up to 20 pounds, 
required a vast amount of water. And specific human selections for aquaporin genes were 
necessary for its domestication. Compared with wild type pineapple, domesticated pineapple had 
a very different aquaporin expression profile. Aquaporin genes’ expression in the fruit 
development stages of domesticated pineapple was not only different from wild leaf and flower, 
but was also different from both the wild type fruiting process and domesticated leaf and flower 
process. Based on the need of rapid expansion, maturation and ripening of fruit, this 
distinguishable aquaporin expression profile for domesticated pineapple could have been critical. 
Being able to set a large edible fruit in pineapple, these aquaporin level changes also showed the 
potential in aiding the domestication of other CAM species to economically valuable crops. 
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CAM plants are suitable for growth in semi-arid environment, which are widely distributed in 
developing countries, where food supplies and vitamin availability in food are limited (Reardon 
and Vosti 1995; Krol et al. 2006; Ribot et al. 2005). Developing CAM crops, which are 
nutritionally rich and high in yield for these communities, could help improve food security and 
wellbeing of people. These important adjustments for water regulation mechanisms in pineapple 




The present study identified and phylogenetically analyzed an entire CAM aquaporin family, 
consisting of 36 aquaporin genes in pineapple. Most members of the aquaporin family were still 
highly conserved, indicating few modifications of aquaporins were required to accommodate 
CAM photosynthesis in C3 plants. In spite of the sequence similarities, the transcriptome data 
have suggested that CAM plants have unique circadian regulation mechanisms for aquaporins 
compared with those in C3 plants. These mechanisms could be critical for engineering CAM 
photosynthesis into C3 plants. The phylogenetic analysis also revealed a unique aquaporin that is 
essential for boron uptake, which played important roles in plant reproduction and yield of 
cereals. The differential expression of wild pineapple at different developmental stages in 
comparison with domesticated cultivar had suggested the regulation of aquaporin expression 
played an important role in fruit domestication syndrome. Protein level studies focused on 
pineapple specific aquaporin genes could help enhance the understanding of pineapple 
aquaporin’s regulation. Taken together, this study provided insights into the expression and 
evolution of a CAM aquaporin family, revealing clues for engineering pineapple’s high WUE 
and boron transportation in C3 and cereal crops.   
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TABLES AND FIGURES 
 
Table 2. Pineapple Aquaporin genes, including PIP, TIP, SIP, and NIP gene families. 37 
aquaporin related genes identified in pineapple, including the gene names, gene ID and 
corresponding location in the genome. There were 10 TIP, 10 PIP, 11NIP, 3 SIP, 1 NIP1-like, 
and 1 TIP1-like gene 
 
Gene Gene ID Subfamily Chromosome location 
AcNIP1-1 Aco009995 NIP LG10:2051899..2054155 reverse 
AcNIP1-2 Aco004297 NIP LG05:1976097..1979024 reverse 
AcNIP1-3 Aco024621 NIP scaffold_690:41246..44097 reverse 
AcNIP1-4 Aco023061 NIP LG07:6639193..6639586 reverse 
AcNIP1-5 Aco012701 NIP LG05:13957163..13975138 forward 
AcNIP2-1 Aco001106 NIP LG02:14193807..14196918 reverse 
AcNIP2-2 Aco014693 NIP LG20:9735716..9741436 reverse 
AcNIP3-1 Aco016253 NIP LG03:11464751..11466090 reverse 
AcNIP3-2 Aco013293 NIP LG24:1430066..1435355 forward 
AcNIP5-1 Aco024440 NIP LG03:11583039..11590598 forward 








PIP LG25:2549607..2553034 forward 
 
AcPIP1-3 Aco013359 PIP LG15:10927554..10928400 reverse 
AcPIP1-4 Aco009320 PIP LG22:9235147..9237008 forward 
AcPIP2-1 Aco013954 PIP LG03:978535..981828 reverse 
AcPIP2-2 Aco008952 PIP LG09:12386079..12391681 reverse 
AcPIP2-3 Aco007718 PIP LG08:1464257..1466701 reverse 
AcPIP2-4 Aco010390 PIP LG03:1824674..1826742 forward 
AcPIP2-5 Aco019543 PIP LG07:11555293..11557921 forward 
AcPIP2-7 Aco020775 PIP LG22:5210287..5210542 forward 
AcSIP1-1 Aco013623 SIP LG13:11686294..11691158 reverse 
AcSIP2-1 Aco001730 SIP LG18:8415608..8419458 reverse 
AcSIP2-2 Aco000599 SIP LG12:733518..736108 reverse 
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Table 2. (cont.) 
Gene Gene ID Subfamily Chromosome location 
AcTIP1-1 Aco014647 TIP LG08:2901719..2903970 forward 
AcTIP1-2 Aco010977 TIP LG04:14688515..14689855 forward 
AcTIP2-1 Aco011705 TIP LG08:12119974..12122527 forward 
AcTIP2-2 Aco004430 
 
TIP LG05:3166181..3168068 reverse 
AcTIP3-1 Aco016357 TIP LG03:10331182..10333433 forward 
AcTIP3-2 Aco008932 TIP LG09:12254360..12258157 reverse 
AcTIP4-1 Aco010816 TIP LG10:4198874..4204595 reverse 
AcTIP5-1 Aco025910 TIP LG11:2791246..2791521 reverse 
AcTIP5-2 Aco023189 TIP LG10:5157596..5157904 forward 
AcTIP6-1 Aco012825 TIP LG03:14964579..14965887 forward 
AcTIP1-like Aco030844 TIP scaffold_2751:5016..5360 reverse 




Table 3. Number of Aquaporin genes in 5 species 
 
Species NIP PIP SIP TIP Total Number 
Genome 
size (Mb) Genome Source 
Ananas 
comosus 12	 10	 3	 11	 36	 526	 (Ming et al. 2015) 
Arabidopsis 
thaliana 11	 13	 3	 11	 38	 125	 (Kaul et al. 2000) 
Vitis vinifera 8	 8	 2	 10	 28	 487	 (Jaillon et al. 2007) 
Oryza sativa 10	 12	 2	 10	 34	 422	 (Goff 2005) 
Phalaenopsis 





Figure 12. (A) Phylogenic tree of aquaporin comparing pineapple with arabidopsis, grape, rice 
and orchid. Unrooted phylogenic tree comparing protein sequences of aquaporins from monocot 
and dicot species with different numbers of whole genome duplication events. This tree was built 
using ClustalW and Geneious. (B) The phylogenic relation of pineapple aquaporin CDS. 
Unrooted phylogenic tree of pineapple aquaporin CDS sequences using MEGA7. (C) Phylogenic 
tree of different aquaporin subfamilies in pineapple. Evolutionary three comparing pineapple 
aquaporin and the previously reported TIP, NIP and PIP gene families from arabidopsis, rice and 

















































Figure 14. Alignment of pineapple TIP1 protein sequences with homologous in Arabidopsis, 

















Figure 17. Aquaporin genes with increased expression during nighttime in the green tip  






Figure 18. Multidimensional Scaling (MDS) Plot for the aquaporin expression of wildtype(wt) 
and cultivated(cul) at different growth stage 
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